Summary
Vulva1 induction in C. elegans is controlled by a highly conserved signaling pathway similar to the RTK-RasMAPKcascade in mammals. By screening for suppressors of the Multivulva phenotype caused by an activated let-60 ras allele, we isolated mutations in a gene, ksr-f, that acts as a positive modifier of vulva1 induction and is required for at least two other let-60 rasmediated processes. Although ksr-7 mutations do not perturb vulva1 induction in an otherwise wild-type background, they have very strong effects on vulva1 induction in genetic backgrounds where Ras pathway activity is constitutively activated or compromised, suggesting that ksr-7 activity is required for maximal stimulation of vulva1 fates by the Ras pathway. Genetic epistasis analysis suggests that ksr-1 acts downstream of or in parallel to let-60 ras. We cloned ksr-7 and have shown that it encodes a novel putative protein kinase related to the Raf family of SerlThr kinases. Ahn et al., 1992; Marshall, 1994 Karin, 1994; Treisman, 1994 (Rodriguez-Viciana et al., 1994; White et al., 1995; reviewed by Feig and Schaffhausen, 1994) , and the kinases downstream of Ras can also be activated via Rasindependent mechanisms (Kolch et al., 1993; Hou et al., 1995; Whitehurst et al., 1995 Figure  1A ). One of these signals, the vulva1 inductive signal from the gonadal anchor cell, is a growth factor-like molecule encoded by the lir7-3 gene (Hill and Sternberg, 1992) , and the receptor for this signal appears to be an epidermal growth factor receptor-like protein-Tyr kinase encoded by let-23 . More downstream genes acting in this pathway include semd (encoding an SH2-SH3 domain-containing adaptor protein) (Clark et al., 1992) , let-60 ras (Beitel et al., 1990; ), h-45 raf (Han et al., 1993) let-537/mek-2 MEK (Church et al., 1995; Kornfeld et al., 1995a; Wu et al., 1995) , sur-7/ mpk-7 MAPK (Lackner et al., 1994; Wu and Han, 1994) Huang etal., 1994) , which is thought to be involved in production of an inhibitory signal from the hypodermis (Herman and Hedgecock, 1990) and which likely acts upstream of let-23 (Ferguson et al., 1987) ; h-7, which encodes an ETS domain-containing protein that negatively regulates vulva1 fates and appears to act downstream of the Ras pathway (Beitel et al., 1996) ; and h-37, which encodes a putative transcription factor of the fork head/HNF-3 class that is required for proper specification of both vulva1 and nonvulval fates (Miller et al., 1993 , 1960; Sternberg and Horvitz, 1966) . A signal from the hypodermis has been proposed to inhibit vulva1 fates in all six VPCs (Herman and Hedgecock, 1990 ). An inductive signal from the gonadal anchor cell overcomes this inhibition and promotes vulva1 fates in P5.p, P&p, and P7.p (Kimble, 1961; Katz et al., 1995) . Lateral signaling among VPCs promotes the 2O vulva1 fate in P5.p and P7.p (Sternberg, 1968; Simske and Kim, 1995) . In Vul mutants, fewer than three VPCs,adopt a vulva1 fate, while in Muv mutants more than three VPCs adopt a vulva1 fate.
Introduction
(6) Genetic pathway regulating vulva1 induction, including possible models for ksr-7 function. The linear pathway from the /in-3-encoded growth factor to suf-llmpk-7 has been well established from genetic studies (reviewed bysternberg, 1993; Kayneandsternberg, 1995) and from biochemical studies of similar cascades in mammalian systems (reviewed by McCormick, 1993; Marshall, 1994) . ksr-7 may define a branch feeding into or out of this pathway. For example, ksr-7 may help to stimulate/in-45rafactivity, orksr-7 may act in a parallel pathway downstream of let-60 ras. Not shown in the figure are the genes /in-37 (Miller et al., 1993) , suf-2 (Singh and Han, 1995), and /in-25 (Tuck and Greenwald, 1995) , all of which have been proposed to function downstream of sur-llmpk-7. . The semidominant let-SO(n7046gf) allele contains a single point mutation that results in a G-E change at codon 13 of the LET-60 RAS protein (Beitel et al., 1990) and is similar to mutations found in some oncogenic forms of N-ras (Bos et al., 1985) .
To identify genes acting downstream of let-60rasduring C. elegans vulva1 development, our laboratory and others have conducted genetic screens for suppressors of the Muv phenotype caused by the /et-SO(n7046gfj mutation. This screen has previously identified mutations in the C. elegans genes for Raf (D. Green, Y. Han, and M. H., unpublished data; K. Kornfeld and H. Horvitz, personal communication) , MEK (Kornfeld et al., 1995a; Wu et al., 1995) , and MAPK (Lackner et al., 1994; Wu and Han, 1994) . This screen has also identified suppressor mutations in genes encoding proteins that have not been previously characterized biochemically (Singh and Han, 1995; see also Tuck and Greenwald, 1995) . Here we describe another such gene, ksr-7 (for kinase suppressor of ras), which encodes a novel protein kinase related to the Raf family. Our genetic and molecular analyses of ksr-7 suggest that it functions as a positive modifier of R&-mediated signal transduction in vulva1 ind"uction and several other developmental processes.
Results

ksr-1
Mutations Revert to Wild Type the Muv Phenotype Caused by an Activated let-60 ras Allele Four allelic mutations, ku68, ku83, ku773, and ku748, mapping to the X chromosome ( Figure 2A ) were isolated as semidominant suppressors of the /ef-6O(n7046gf) Muv phenotype (see Experimental Procedures) and originally defined the ksr-7 locus. Two additional ksr-7 alleles, ku746 and ku747, were isolated in an unbiased noncomplementation screen that had the potential to recover amorphic alleles even if such alleles caused lethal or sterile phenotypes (see Experimental Procedures). All six ksr-7 alleles suppress the /et-SO(n7046gf) Muv phenotype to wild type (Sup phenotype) ( Table 1) . As in wild-type animals, but unlike in /et-SO(n7046g~ animals, vulva1 induction in /et-6O(n7046gf); ksr-7 double mutants is dependent on the presence of the gonad. Of 15 let-SO(n7046gfJ; ksr-l(ku68) animals in which the somatic gonad precursors were ablated with a laser microbeam, 14 were completely Vul and one had only a single P&p descendant induced. Therefore, ksr-7 mutations largely restore signal dependence to let-60@7046gf)-mediated vulva1 induction. ksr-7 mutations also suppress the mating defect of ler-6O(n7046gf) males (see Chamberlin and Sternberg, 1994) and cause other pleiotropic defects associated with reduction of let-6Oras function (see below), suggesting that ksr-7 encodes a general factor acting in multiple Ras-mediated processes. ksr-7 Is Not Essential for Vulva1 Induction under Normal Conditions, but Is Required for Other let-60 ras-Mediated Processes Although ksr-7 mutations do not perturb vulva1 development in an otherwise wild-type background (Table l) , they do cause several other defects. Two ksr-7 alleles, ku68 and ku83, cause larval lethality (Let phenotype) at low penetrance (Table 1) ; arrested animals have a distinctive rodlike appearance that resemblesthat of loss-of-function mutants of let-60 ras or other Ras pathway genes, all of which are required for several other developmental processes in C. elegans besides vulva1 induction (reviewed by Sternberg, 1993 clones that were tested for ksr-lrescuing activity. The ability (plus) or inability (minus) of assayed cosmids to rescue ksrl(ku68) is indicated. x0/-1 is located on cosmid W07E7 (Rhind et al., 1995 (124) 88 (240) <I (321) 5 (291) 3 (345) 10 (163) 1 (177) 4 (324) 38 (102) 27 (79) 44 (70) 74 (38) 28 (123) 99 (107) 58 (141) 63 (299) 59 (343) 7 (193) 10 (39) 5 (73) 1 (178) 1 (105) 1 (86) 0 (65) 0 (203) 100 (25) 100 (20) 100 (38) 100 (31) 100 (24) 100 (34) 100 (20) 100 (27) 100 (37) 139 (35) 101 (31) 101 (24) 102 (29) 104 (26) 101 (33) 100 (28) 109 (24) 113 (27) ND ND 114 (18) 161 (20) 113 (24) (161) 5 (448) 5 (169) 91 (53) 3 (331) 1 (322) ND 32 (124) 15 (403) 24 (321) 26 (291) 23 (345) 73 (139) 6 (177) 1 (324) 7 (70) 4 (79) 0 (70) 32 (38) 2 (123) ND ND ND ND 34 (118) 85 (39) 1 (73) 42 (178) 24 ( (170) <I (134) <I (331) <l (323) ND Low"
<I (403) 6 (343) 2 (297) <I (346) <l (183) <l (176) <l (324) 
The number of animals scored is indicated in parentheses.
ND, not determined. Vet-SO(+) chromosomes are unmarked in ku68, ku83, and +/stDf5 strains and are marked with dpy-20 in all other strains. All let-6O(n1046gf) chromosomes are unmarked. bksr-l(ku68, ku113, ku148) is /on-2 ksr-1 for /et-SO(+) strains or unmarked for let-bO(gf) strains. ksf-l(ku83) is unmarked. ksr-l(kul46) is uric-18 ksr-1. kwl (ku147) is Ion-2 ksr-1. ksr-l/+ is him-5/+; Ion-2 ksr-llunc-18. +l+I+ is stDp2/+; Ion-2 dpy-6. ksr-l(kuSS)/ksr-l(kusS)/+ is stDp2l+; Ion-2 ksr-1 dpy-6. ksr-l(kul47)lksr-l(kul47)H is stDp2l+; uric-18 ksr-l(kul47). +IstDf5 is uric-18lstDf5. ksr-1 (ku68, ku147)lstDf5 is uric-18 ksr-llstDf5. ksr-1 (ku713)lstDf5
is Ion-2 ksr-llstDf5. ksr-l(kul13, ku148)/ksr-l(ku68) is him-5/+; Ion-2 ksr-lunc-18 ksr-l(ku68). ksr-l(ku83, kul47)lkwl(ku68) is him-8+; uric-18 ksr-lllon-2 ksr-l(ku68). "Percentage of animals having one or more pseudovulvae (ventral protrusions) in addition to the normal vulva, as scored under the dissecting microscope. dAverage percent vulva1 induction relative to wild type, as scored by Normarski microscopy, with three VPCs induced defined as 100% . "Percentage of adult animals appearing bloated with late-stage embryos or internally hatched larvae. 'Mig, abnormal SM migration, in which the SMs adopt final positions spanning a broader anterior-posterior range than normal (described in more detail in Sundaram and Han, submitted).
For each genotype, between 24 and 58 individual SM final positions were scored by Nomarski microscopy. Genotypes labeled Mig had 25%-65% of SMs displaced by at least half the distance between the P6.p and neighboring Pn.p nuclei. Genotypes labeled wild type had O%-8% of SMs displaced. Therefore, although let-6O(n7046gf) animals have occasional SM migration defects (<IO% of SMs are posteriorly displaced; Sundaram and Han, submitted), they are considered wild type here. gpercentage of animals arresting as rod-like larvae. "An exact figure is not available since the genotypes of dying larvae could not be unambiguously determined. Arrested larvae were seen only very rarely among the broods of stDp2-bearing mothers, suggesting that stDp2 does complement ksr-l(ku68) for the Let phenotype. The ratios of surviving ksr-l/stDf5
to surviving ksr-l/ksr-I progeny segregating from ksr-l/stDf5 mothers were approximately 2 to 1, suggesting that the Let phenotype is not significantly stronger in ksr-l/stDf5 animals. However, we could not firmly establish by our methods that stDf5 fails to complement ksr-7 for the Let phenotype. activity is not required for vulva1 induction under normal conditions. This is in marked contrast to genes previously identified as suppressors of /et-SO(n7046gf), which can be mutated to cause a Vul phenotype (Han et al., 1993; Wu and Han, 1994; Kornfeld et al., 1995a; Wu et al., 1995) .
ksr-7 Mutations Have Synergistic
Effects with Partial Loss-of-Function
Mutations in Other Ras Pathway Genes Although ksr-7 mutations do not perturb vulva1 induction in an otherwise wild-type background, ksr-7 activity does become critical when other Ras pathway components are compromised. For example, animals homozygous for the weak raf allele /in-45(ku772) have wild-type vulva1 induction (Table 2) , as do ksr-l(ku68) animals. However, /in-45(ku772); ksr-l(ku68) animals are severely Vul (Table 2) . Similarly, sur-llmpk-l (ku7) animals have nearly wild-type vulva1 induction (Wu and Han, 1994; Table 2 ), but sur-7/ mpk-l(ku7); ksr-l(ku68) double mutants are severely Vul (Table 2) . Therefore, ksr-7 gene activity does contribute to the overall level of /e&60(+)-mediated vulva1 induction.
ksr-l(ku68) also causes a strong synthetic lethality in combination with weak/in-45 raf or sur-llmpk-7 mutations (Table 2) . Although viable /in-45; ksr-7 and sur-llmpk-7; ksr-7 animals can be obtained from heterozygous mothers, the progeny of these homozygotes all arrest as larvae with a characteristic rod-like morphology resembling that of let-60 ras mutants.
ksr-1 Acts Downstream of, or in Parallel to, let-60 ras, and Upstream of h-1 As an alternative approach to elevating let-60 ras activity, we have constructed transgenic lines bearing chromosomally integrated arrays of either /et-SO(+) (k&72) or let-6O(n7046gf) (kuls73) DNA, under the control of the let-60 promoter (Sundaram and Han, submitted; see Experimental Procedures). Both types of transgenic animals display a Muv phenotype (Table 3) . As in /et-SO(n7046gf) animals, the penetrance and expressivity of the Muv phenotype are incomplete in kuls72 transgenic animals and are greatly reduced by gonad ablation (Table 3 ). In contrast, the penetrance and expressivity of the Muv phenotype are very high in kuls73 transgenic animals and are not significantly affected by gonad ablation (Table 3) .
Since the k&73 Muv phenotype is much stronger and more completely signal independent than that caused by the endogenous /et-SO(n7046gf) allele (Table 3) , it allows a more stringent test for determining whether candidate suppressor mutations are likely to act upstream or downstream of let-60 ras. For example, although a weak allele of sem-5 can partially suppress the /et-SO(n7046gr) Muv phenotype, it cannot suppress the kuls73 Muv phenotype (Table 3 ). In contrast, a weak allele of h-45 suppresses kuls73 very well (Table 3) . ksr-l(ku68) is a strong suppressor of the kuls73 Muv phenotype, and the ksr-7 Mig and Let phenotypes are still displayed in the double mutant (Table 3 ; data not shown), arguing that ksr-7 acts downstream of or in parallel to let-60 ras. ksr-l(ku68) also suppresses the mating defect of kuls73 males.
h-7 encodes a putative transcription factor that may be negatively regulated by the Ras pathway (Beitel et al., 1996) . A partial loss-of-function h-7 allele, e7275, causes a Muv phenotype that is less severe than that caused by the kuls73 transgene (Ferguson and Horvitz, 1985 ; Table  3 ). ksr-l(ku68) does not suppress the /in-l(e7275) Muv phenotype, but /in-l(e7275) does suppress the ksr-l(ku68) Let phenotype (Table 3) . Similar interactions are seen with a stronger /in-7 allele, ar747 (Tuck and Greenwald, 1995) (data not shown). These data suggest that ksr-7 acts upstream of /in-7.
/in-37 encodes another putative transcription factor proposed to function downstream of the Ras pathway to control vulva1 fate choice (Miller et al., 1993) . The specification of both vulva1 and nonvuival cell fates is perturbed in /in-37 mutants (Ferguson and Horvitz, 1985) : P3.p, P4.p, and P8.p sometimes adopt vulva1 fates (as in Muv mutants), while P5.p, P6.p, and P7.p sometimes adopt nonvulval fates (as in Vul mutants). ksr-7 mutations do not suppress the Muv aspect of the /in-37 phenotype, nor do they enhance the Vul aspect of the /in-37 phenotype (Table 3) . ksr-7 and /in-37 are therefore unlikely to act in a closely related manner. a Plus indicates h-2. ksr-1 is Ion-2 ksr-7. /in-45 is h-45 dpy-20. h-45; ksr-1 is lift-45 dpy-20; /on-2 ksr-7 from /in-45 dpy-20/uric-24;
/on-2 ksr-7 mothers. sur-1 is SW1 uric-32; h-2. sur-I; ksr-1 is sor-1 uric-32; /on-2 ksr-1 from SW-1 uric-32/dpy-17; Ion-2 ksr-1 mothers. sur-I; h-45 is SUP1 uric-32; /in-45 dpy-20 from SW1 uric-32/++; h-45 dpy-20/++ mothers. ' Percentage of animals in which individual VPCs adopted vulva1 fates, as scored by Nomarski microscopy. c Animals of this genotype could be obtained at low frequency from heterozygous mothers, but gave no surviving progeny. Tables 1 and 2 of extra VPCs in some /in-31 mutants (Ferguson and Horvitz, 1985) and the sqt-2 marker in the h-31 mutant background made it impossible to score vulva1 induction accurately by our methods (see Experimental Procedures). However, like /in-31 animals, /in-31; ksr-1 double mutants had occasional uninduced cells proximal to the anchor cell and many extra induced cells distal to the anchor cell (n = 14). (Ferguson et al., 1987; Beitel et al., 1990; (Ferguson and Horvitz, 1985) , but kwl(ku68) has only a slight effect on the lh75(n765) Muv phenotype (Table  3) .
Molecular Isolation of /w-l ksr-7 maps approximately 0.3 map units to the right of x0/-7, a cloned gene (Rhind et al., 1995) ( Figure  2A ). We were able to clone ksr-7 by assaying cosmids mapping to the right of x01-7 on the physical map ( Figure  28) We sequenced the genomic DNA corresponding to the entire pMS22 coding region and all intronlexon boundaries to determine the ksr-7 gene structure shown in Figure  2D . (Sprenger et al., 1993) and C. elegans LIN-45 RAF (Han et al., 1993) . Amino acids that are identical among three or more of the proteins are stippled. The kinase domain is overlined, with conserved subdomains (Hanks and Quinn, 1991) indicated above. The Cys finger domain is overlined in bold. The alignment was generated with the PILEUP program of the Genetics Computer Group. (B) Schematic comparing the structures of the LIN-45 RAF and KSR-1 proteins. Amino acid identity between the two proteins is 30% within the kinase domain and 23% overall. RBD, Ras-binding domain (Pumiglia et al., 1995) . The sequence RSXSXP is found in the CR2 domain of Raf proteins and immediately C-terminal to the kinase domain in Raf and KSR-I. In Raf-1, these sequences have been shown to be important sites of phosphorylation can have asimilar effect (Lackner et al., 1994; Wu and Han, 1994; Kornfeld et al., 1995a; Wu et al., 1995;  this work).
We explain this phenomenon by the fact that, although protein has some level of constitutive, signal-independent activity (Beitel et al., 1990; , it is still sensitive to, and can be further stimulated by, upstream signaling Tuck and Greenwald, 1995; this work) . Therefore, in let-6O(n7046gf) or kuls73 animals, VPCs nearest the signaling anchor cell probably still have relatively higher levels of Ras pathway activity than VPCs further away from the anchor cell (see Wu and Han, 1994 (Table 3) . It was therefore unexpected to find that a ksr-1 mutation was unable to suppress the kulsl2 Muv phenotype efficiently. Quantitative differences in the strength of the kuls72 and kols73 phenotypes clearly cannot explain this specificity; instead, this observation implies that there is some qualitative difference between the activities of LET60(+) and LET-GO(G13E) proteins and that ksr-7 function is relatively more important for signal transmission by the latter. Perhaps LET60(+) and LET-60(G13E) interact differently with LIN-45 RAF or other downstream effecters. Whateverthe explanation, the preferential suppression of activated versus wild-type LET-60 by ksr-7 mutations suggests that KSR-1 acts at a step very close to LET-60 RAS; mutations in genes acting more distantly from LET-60 RAS seem unlikely to display such specificity.
ksr-7 May Define a Branch Feeding into or out of the Ras-MAPK Cascade Genetic epistasis experiments suggest that ksr-7 acts between let-60 ras and the putative h-7 transcription factor. Although we have not been able to position ksr-7 genetically with respect to the kinase cascade immediately downstream of let-60 ras (fin-45 raf, let-537lmek-2, and sur-llmpk-l), the fact that the direct biochemical link from Ras to MAPK is well established makes it very unlikely that ksr-1 acts between any two of these components in a linear pathway. Instead, we favor models in which ksr-7 defines a branch feeding into or out of the main cascade (Figure 1 B) .
For example, a growing body of evidence argues that phosphorylation of Raf is important for its activation (e.g., Dent et al., 1995; reviewed by Daum et al., 1994) . The genetic properties and biochemical identity of KSR-1 suggest that it could be a candidate for such a Raf activator. KSR-1 cannot be the only Raf activator in C. elegans, however, since ksr-7 mutations do not cause defects as severe as those associated with loss of h-45 raf function (Han et al., 1993) . Another attractive model is that ksr-7 acts in adifferent pathway stimulated by/et-60ras in parallel to the Raf-MAPK cascade. For example, the sequence similarity between KSR-1 and Raf may suggest that KSR-1 could act in parallel to LIN-45 RAF to stimulate MEK-2 or some other MEK-related protein. The existence of such parallel pathways downstream of Ras is suggested by the observation that some mutant Ras proteins can transduce signals despite an apparent block in Raf binding (White et al., 1995) .
Protein Kinases Similar to KSR-1 Function in Ras-Mediated
Signaling in Other Organisms ksr-7 is predicted to encode a novel protein kinase distantly related to the Raf family of SerlThr kinases. The N-terminal regions of KSR-1 and Raf contain a Cys finger motif, through which both proteins could interact with common regulatory factors, such as 14-3-3 (Freed et al., 1994; Fu et al., 1994) . KSR-1 and Raf also share the sequence RSXSXP immediately following the kinase domain. In Raf, phosphorylation of this sequence (which is also found in the CR2 domain; see Figure 48 ) by an unknown kinase(s) appears to be important for activation of Raf kinase activity . KSR-1 kinase activity may be similarly regulated. Notably, KSR-1 does not share the Raf sequences required to bind directly to Ras (Pumiglia et al., 1995) , and so far we have not been able to detect direct interactions between KSR-1 and LET-60 RAS (or between KSR-1 and LIN-45 RAF or MEK-2) in a yeast twohybrid system (M. S., unpublished data). Although the exact biochemical roleof the KSR-1 kinase remains to be elucidated, our genetic analysis of ksr-7 argues that it plays an important role in regulating output from LET-60 RAS. A kinase similar to KSR-1 has recently been reported to influence Ras-mediated signal transduction downstream of the Sevenless RTK in Drosophila eye development (Therrien et al., 1995) . Protein kinases related to KSR-1 are likely to function in Ras-mediated signaling cascades in other organisms as well.
Experimental Procedures Strains and Genetic Methods
Bristol N2 was used as the wild-type strain and was the parent for all mutant strains. Methods for the handling, culture, and genetic manipulation of animals were as described previously (Brenner, 1974) . All experiments were performed at 20°C. Mutations used were as follows: linkage group II (LG II), /in-37(n307) (Ferguson and Horvitz, 1985) ; sqt-2(.c3) (Cox et al., 1980) ; LG III, dpy-77(e764) and uric-32(e769) (Brenner, 1974) ; sur-llmpk-l(ku7) (Wu and Han, 1994) ; LG IV, dpy-2CJ(e7282) (Hosono et al., 1982) ; let-6O(n7046gf) (Ferguson and Horvitz, 1985) ; /in-7(e7275/ (Ferguson and Horvitz, 1985) ; /in-45(ku772) (D. Green and M. H., unpublished data); uno24(e738) (Brenner, 1974) ; LG V, him-5(e7490) (Hodgkin et al., 1979) ; LG X, dpy-6(e74), lon-2(e678), and uric-78(e87) (Brenner, 1974) ; /in-75(n765) (Ferguson and Horvitz, 1985) ;sem-5(n7779) (Clarket al., 1992) ;xo/-l(y9) (Rhind etal., 1995); stDp2 (Meneely and Wood, 1984) (Ferguson and Horvitz, 1985) containing recessive Let (n435) and dominant Uric (n754) markers.
Isolation
and Mapping of ksr.1 Mutations leC6O(n7046gf) hermaphrodites were mutagenized with 50 mM ethyl methanesulfonate (EMS) (Brenner 1974 ) and allowed to self-fertilize for 2 generations, and the F2 grand-progeny were then screened for non-Muv animals. Non-Muv F2s that continued to segregate >90% non-Muv progeny in the F3 generation were kept and analyzed further. Each /eG60@7046gf); sup strain was backcrossed at least twice to the parent /eC6O(n7046gf) strain prior to mapping or further phenotypic analysis. Although we estimate that 60,000 mutagenized haploid genomes have been screened to date, technical difficulties associated with the screen reduce the frequency at which non-Vu1 revertants are actually recovered and analyzed. Therefore, our recovery of four ksr-7 mutations (ku68, ku83, ku173, and ku748) in this screen is certainly a gross underestimate of the frequency at which such mutations arise. Standard two-factor and three-factor mapping experiments placed all four ksr-7 alleles between uric-78 and dpy-6 on the X chromosome (data not shown). ku68 was further mapped between x01-7 and dpy-6 by analyzing Lon non-Dpy recombinants segregating from a parental strain of genotype le&6O(n7046gf); him-5; Ion-2 ksr-l(ku68) dpy-El uric-78x01-7. Of 87 recombinant chromosomesanalyzed, 54 were/on-2 uric-78 ksr-7, 6 were /on-2 x0/-7, 5 were /on-2, and 2 were /on-2 ksr-7.
The observation that /ei-6O(n7046gf); uric-78 ku68LstDf5 animals are viable but Sup and Egl (Table 1) suggested that amorphic ksr-7 alleles could be obtained by screening for new mutations that fail to complement ku68 for those phenotypes. /e&60@7046gr); uric-78 hermaphrodites were mutagenized with 50 mM EMS and mated to /et-SO(n7046gfj; him-& /on-2 ksr-l(ku68) males. Non-Uric non-Muv cross-progeny were picked individually to plates and allowed to self-fertilize; plates were screened for those segregating unmarked Egl animals and few or no Muv animals. After screening 1350 plates, two new ksr-7 alleles (ku746 and ku747) were identified and recovered by picking Uric-18 animals. These alleles were outcrossed at least twice before further analysis.
Phenotypic
Analyses To quantitate Muv. Egl, and Let defects in various strains, we picked gravid hermaphrodites singly to plates and allowed them to lay eggs for 12-24 hr before being removed. After l-2 days, plates were closely examined for arrested, rod-like larvae, which were counted and removed. Live larvae were allowed to grow to adulthood, at which time they were scored for vulva1 and Egl phenotypes as described previously . All animals on a given plate were scored.
Nomarski microscopy and laser ablations were performed essentially as described previously (Sternberg and Horvitz, 1986; Avery and Horvitz, 1987) . Gonad ablations were performed on newly hatched Ll larvae prior to division of Z1 or 24. Vulva1 induction was assessed in late L3-or early LCstage animals. Vulva1 versus nonvulval fate assignments were based solely on the number and location of vulva1 or syncytial hypodermal nuclei at this stage; lineages were not followed, and no attempt was made to distinguish between lo and 2O fates.
Gene Dosage Analyses stDp2: stDp2 is an attached duplication (Meneely and Wood, 1984) and was not balanced in our experiments.
Therefore, unmarked animals segregating from stDp2/+; let-60@7046gf); marker ksr-7 strains were a combination of stDp2 homozygotes and heterozygotes. stDp2-homozygous versions of the above strains were unhealthy, but could be propagated, and were more severely Muv than stDp2/+ strains. stDf5andstDf6cstDf6complementedksr-l(ku68)fortheSupphenotype: 50% (269 of 574) of /eG6O(n7046gf); stDf6/unc-78 ksr-l(ku68) animals were Muv. The reduced vigor of Df-bearing animals probably accounts for the weakened semidominance of ksr-l(ku68) in this experiment. In other experiments, we have also noted that suppression of let-60@7046gf) by ksr-7 mutations can be weakened by the presence of marker mutations that generally reduce vigor. Interestingly, let-6O(n7046gfj; ksr-7 animals that are subjected to long periods of starvation and then recovered are often Muv. Since ksr-l(ku68)/stDf6. stDf5/+, and stDp2/+; ksr-l(ku68)/ksrl(ku68) all suppressed to an equivalent extent, the semidominance of ksr-7 alleles can probably be explained by haploinsufficiency of the ksr-7 locus. Nonspecific effects of stDf5 on vigor may also explain the slightly poorer suppression by ksr-l(ku68)/stDf5 compared with ksr-7(ku68)lksr-l(ku68).
However, we cannot firmly exclude the possibility that ksr-l(ku68) or other alleles have some anti-morphic effects. yDf3: yDf3 removes flanking markers on both sides of ksr-7, yet complements ksr-7 and acts similarly to stDp2 in gene dosage studies (M. S. and M. H., unpublished data). Therefore we believe that yDf3 may actually contain a duplication of the ksr-7 region. yDf2 and yDf5 also complement ksr-7, but have not been analyzed as closely.
let-60 Transgenes Details of the construction of let-60 transgenic lines are described elsewhere (Sundaram and Han, submitted) .
In brief, kuls72 is an array of /e&60(+) DNA (pMH90) and dpy-20(+) DNA (pMH86) integrated into thecenterof
LGIV.ku/s73isanarrayof/et-6O(n7046gfjDNA(pMH132) and pMH86 integrated into an unknown region of the genome. Both transgenes dominantly suppress the Dpy phenotype of dpy-20 mutants.
Construction
of Double Mutants Double mutants were constructed by standard genetic methods, using markers as indicated in the table legends. Multiple independent lines of each genotype were examined. Homozygosity for ksr-7 mutations was verified by observing the Mig and Let phenotypes in the double mutant strains or by outcrossing the double mutants and observing segregation of these ksr-7 phenotypes (or by both methods).
In the case of kuls72; ksr-7 double mutants, the presence of the ksr-7 mutation was further verified by outcrossing to uric-24 let-60@7046gf) and observing segregation of the ksr-7 Sup phenotype. kuls transgenes were followed by their Muv phenotypes and by their dominant suppression of dpy-20. In situations in which ksr-7 mutations suppressed a given Muv mutation, the presence of the Muv mutation in the double mutant was verified by outcrossing.
To analyze/in-45; ksr-7, SW7; ksr-7, orsur-l;/in-45 double mutants, which could not be propagated as homozygotes, we first constructed heterozygous balanced strains with appropriate markers (see Table  2 , legend). Candidate homozygotes segregating from these strains were scored for vulva1 induction by Nomarski microscopy and then recovered to check their genotypes by segregation.
True homozygotes were Vul and segregated no viable progeny. Recombinants were nonVul and segregated many live progeny.
Germline Transformation Cosmids covering the region to the right of x0/-7 were obtained from A. Coulson and J. Sulston (Sanger Center/Medical
Research Council Laboratory of Molecular Biology, Cambridge, England) and were injected singly or in pools, at concentrations of 12-20 ng/wl, into the germlines of let-SO(n7046gf); ksr-l(ku68) hermaphrodites using the methods of Mello et al. (1991) . The marker plasmid pRF4 (causing a dominant Roller phenotype) was coinjected at 65 nglwl. For each cosmid, >50 Roller animals from at least three independent stably transmitting lines were scored for the presence of Muv animals. Nonrescued lines or control lines bearing pRF4 alone were less than 5% Muv. Rescued lines were between 50% and 95% Muv. C33E9 restriction fragments were subcloned into pBluescript SK(+), and these plasmid subclones were assayed singly or in combination for rescuing activity by the same method used above.
Northern
Blot Analysis and cDNA Isolation pMS7detected moderate or low levelsofksr-7 transcript(s Northern blots of poly(A)+ early embryonic RNAs or total larval RNAs, respectively. pMS7 was used to screen approximately 1 ,OOO,OOO plaques from a hgtll early embryonic cDNA library (courtesy of P. Okkemma and A. Fire, Carnegie Institute of Washington), and >20 hybridizing clones were identified. Of nine clones analyzed, four (including pMS22) were 2.6 kb in size and had nearly identical 5'and 3'ends. Two clones were 2.2 kb in size and began with the sequence TTTGAG (possibly part of the SLl trans-spliced leader) followed by sequences from the beginning of exon 4; these clones had 3'ends similar to that of pMS22. The three remaining clones, which were likely incomplete, ranged from 1.6 to 2 kb in size, began with sequences within exons 7 or 9, and had 3' ends similar to DM%Z!.
DNA Sequence
Analysis and Identification of Mutant Lesions Conveniently sized ksr-7 cDNA and genomic subclones were used to generate nested sets of deletion plasmids using the Erase-a-Base system (Promega).
Single-stranded DNA templates were prepared from these deletion plasmids and sequenced by the dideoxy chain termination method using primers that hybridize to the polylinker region of pBluescript SK(+). Small sequence gaps that remained after this analysis were filled in using internal ksr-7 oligonucleotide primers and double-stranded templates. The entire pMS22 cDNA clone was sequenced on both strands, as was genomic DNA corresponding to the pMS22 coding region and all intronlexon boundaries. We have not obtained the complete genomic sequence of several large intron regions within ksr-7 (introns 2,3, 4, 5, and 9 in Figure 2D ). Sequences were assembled and analyzed using programs in the GCG software package from the Genetics Computer Group (Madison, WI).
ksr-7 DNA sequences corresponding to exons 1 O-14 (encoding the putative kinasedomain)werePCR amplifiedfrom mutant worm lysates or genomic DNA preparations, purified by low melting point agarose electrophoresis, and directly sequenced according to the protocol of Kretz et al. (1989) . 
